To study how nitrogen contributes to perpendicular magnetocrystalline anisotropy (PMA) in the ferrimagnetic antiperovskite Mn4N, we examined both the fabrication of epitaxial Mn4N films with various nitrogen contents and first-principles density-functional calculations. Saturation magnetization (Ms) peaks of 110 mT and uniaxial PMA energy densities (Ku) of 0.1 MJ/m 3 were obtained for a N2 gas flow ratio (Q) of ~10% during sputtering deposition, suggesting nearly single-phase crystalline -Mn4N. Segregation of -Mn and nitrogen-deficient Mn4N grains was observed for Q ≈ 6%, which was responsible for a decrease in the Ms and Ku.
at corner sites and Mn(II) at face-centered sites, respectively ( Fig. 1) . 15 A neutron diffraction study identified a ferrimagnetic spin order with two distinct magnetic moments, 3.5 B for Mn(I) and -0.8 B for Mn(II), at 300 K. 16 The Mn4N films recently fabricated by sputtering and molecular-beam epitaxy (MBE) exhibited Ms ≈ 110 mT and Ku ≈ 0.1 MJ/m 3 . [17] [18] [19] [20] Because its magnetic properties resemble those of the other Mn-based alloys mentioned above, recent research has focused on Mn4N in view of its potential for spintronics applications. [21] [22] [23] [24] According to previous studies, the high Ku of Mn4N films can be attributed to tetragonal distortion with c/a ≈ 0.99, where a and c correspond to the in-plane and out-of-plane lattice constants, respectively. 19 Furthermore, the theoretical calculation of the crystal formation energy reveals that the free-standing Mn4N antiperovskite cell favors a collinear magnetic structure when c/a approaches 0.99. 25 The correlation between c/a < 1 and PMA is encountered in other Mn-based PMA alloys; 3 however, no theoretical study has yet been conducted on the magnetic structures of Mn4N that lead to c/a < 1 and to the resultant PMA. Furthermore, the magnetic moment of Mn atoms shows a strong site dependence originating from the interaction between Mn and nitrogen atoms. 15, 16 However, the specific roles of nitrogen atoms in PMA are still under debate. Thus, the purpose of this study is to clarify, firstly, the magnetic structure of Mn4N showing high Ku, and secondly, the specific contribution of nitrogen to PMA.
In the present study, we prepared Mn4N films and measured the variation of Ku as a function of nitrogen content. Detailed structural analysis was performed to investigate the crystal grain growth and the chemical ordering of nitrogen. We also carried out first-principles calculations of Ku for two possible collinear magnetic structures for Mn4N. The Ku variations for the Mn32Nx supercell were analyzed as a function of x in order to extract the contribution of nitrogen to PMA.
II. EXPERIMENTAL AND COMPUTATIONAL PROCEDURES
In the sample preparation and characterization, 30-nm-thick Mn4N films were grown on single-crystal MgO(001) substrates via the reactive nitridation sputtering technique at a substrate temperature of 450C. To change the amount of nitrogen in the Mn4N films, the Ar and N2 gas flows were controlled by mass flowmeters, and the ratio of N2 (SN2) to Ar (SAr) is defined as Q = 2 + 2 . Structural analysis of the (001)-oriented Mn4N crystal layers was performed by X-ray diffraction (XRD) with CuK radiation. Magnetic properties were measured using a superconducting quantum interference device vibrating sample magnetometer (SQUID-VSM) at room temperature. Magnetic anisotropy was measured via torque magnetometry based on the angle-dependent anomalous Hall effect (AHE). 26 In the theoretical calculation of Ku, we carried out first-principles density-functional calculations with the aid of the Vienna ab initio simulation program (VASP), 27, 28 where lattice constants estimated from the in-plane and out-of-plane XRD profiles were used. Prior to the estimation of Ku, we first calculated the formation energy of Mn4N (Etotal) assuming two types of collinear ferrimagnetic structures. While the non-collinear ferrimagnetic structure of cubic Mn4N has been examined, 29, 30 we did not address this in the present study, because the collinear magnetic structure is essential for PMA in the case of our (001)-oriented Mn4N with distortion along [001]. We next calculated the value of Ku for the stable magnetic structure using the force theorem, Ku = (E[100] -
is the sum of the eigenenergies of the unit cell with the magnetization along the [100] ([001]) direction and V is the volume of the unit cell. Using the same method, we also estimated the values of Ku in the supercells Mn32Nx (x = 1 ~ 13), based on which we can discuss the role of nitrogen in Mn4N theoretically. To understand the results of these calculations, we further carried out second-order perturbation calculations of Ku for the supercells with respect to the spin-orbit interaction. [31] [32] [33] Further details of our calculations are provided elsewhere. 34 Figure 2 (a) shows the magnetization curves for Q = 9%, where the magnetic field (H) was swept along the [100] and [001] directions. Comparing the two curves, the magnetic easy axis was found to point along the [001] direction; that is, the studied Mn4N film showed sizeable PMA. The 0Ms was measured to be 110 mT, which was comparable to that of -Mn4N films fabricated by sputtering and MBE. 19, 20 Figure 2 (b) summarizes the 0Ms as a function of Q. The peak value appeared at Q = 9%, whereas it decreased at both lower and higher percentages. The results were in good agreement with a previous report; 20 therefore, possible reasons for the degradation of 0Ms can be attributed to the coexistence of pure Mn and/or nano-crystals such as Mn3N2 with stoichiometric Mn4N as impurities. Figure 2 (c) shows a representative saturated magnetic torque curve based on measurement of the AHE. 26 By fitting the curve with T = -(Ku1 + Ku2)sin2M + (Ku2/2)sin4M, the firstand second-order uniaxial magnetic anisotropy constants Ku1 and Ku2 were obtained, where M denotes the magnetization angle with respect to the film plane normal, given by M = arccos[RAHE(H) / RAHE].
III. RESULTS AND DISCUSSION
The resultant Ku values were found to be dominated by Ku1 (the Ku2 contribution can be neglected), and the peak value was comparable to that of Mn4N fabricated using MBE 19 and pulsed laser deposition. 35 As with 0Ms, the Q at which the peak Ku appeared was 9%, so we infer that the optimum Q giving the highest PMA is near 9%.
To consider the correlation between Ku and the crystal structures of our Mn4N films, structural analysis was conducted via XRD. Figure 3 Fig. 3 (a). The broad peak at 2 / ≈ 41 cannot be attributed to the -Mn crystal grains but instead to the naturally oxidized Mn-O top layer, because in-plane XRD measurement is generally sensitive to the film surface. These results led us to conclude that the decrease in Ku for lower Q can be attributed not only to the impurity phase -Mn but also to the increase in nitrogen deficiency compared to stoichiometric Mn4N crystals. Although the mechanisms involved are complex, the point we address here is not the influence of the impurity a-Mn grains but the difference between stoichiometric and nitrogen-deficient Mn4N.
We will now present our first-principles calculation results. First, we determined the possible magnetic structure of the equilibrium state of Mn4N. Neutron diffraction experiments revealed two types of magnetic structures with ferrimagnetic order, 16 type-A: (positive, negative) = (Mn(I), Mn(II)); and type-B: (positive, negative) = (Mn(II)X and Mn(II)Y, Mn(I) and Mn(II)Z). Therefore, calculation was carried out for the two types. Figure 4 shows the c/a dependence of the Ku values for both the type-A and type-B structures calculated by using the Mn4N unit cell. The c/a values used for this calculation were based on the XRD analysis for the Mn4N films with Q = 5%, 10%, and 15% (solid symbols) (see Fig. S2 in Supplemental Material). The Etotal of the type-B structure was found to be smaller than that of type-A for the entire c/a range, and the minimum Etotal was obtained at c/a = 0.998 (type-A) and 0.976 (type-B) (see Fig. S3 in Supplemental Material). We also calculated Ku at c/a = 0.998 for the type-A structure and at c/a = 0.976 for the type-B structure, where Etotal had the minimum values (open symbols). It is important to note that the Ku of the type-B structure has positive values, indicating PMA, whereas that of the type-A structure has negative values, indicating in-plane magnetic anisotropy. Therefore, it can be concluded that the magnetic structure of Mn4N films fabricated with Q ≈ 10% and exhibiting high PMA is "type-B". In addition, the Ku values were not strongly influenced by the c/a ratio, so that the crystal distortion of the type-B structure cannot fully explain the dependence of Ku on Q observed in Fig. 2(d) . Figure 5 shows the dependence of Ku on the number of nitrogen atoms x calculated using the Mn32Nx supercell, whose size was 2×2×2 that of the Mn4N unit cell. Here, we set the c/a ratio to 0.990, which is the experimental value that gave maximum Ku [see was close to that of the sputter-deposited Mn4N films reported by another group. 20 We thus speculate the reason for the discrepancy to be the imperfect chemical ordering of nitrogen; however, the variation of Ku with x in the calculation agreed with the variation with Q in the experiments [ Fig. 2(d) ]. Note that the dependence of Ku on x was more prominent than that on the c/a ratio ( Fig. 4 ), suggesting that nitrogen deficiency dominates the mechanism for the degradation of Ku. Thus, the presence of nitrogen is presumably indispensable for obtaining a sufficiently large PMA in Mn-based antiperovskite nitrides such as Mn4N.
In order to determine how each Mn atom contributes to PMA due to the presence of nitrogen, we carried out a second-order perturbation analysis of Ku with respect to the spin-orbit interaction in Mn(II)X/Y site, however, corresponding spin-flip term does not contribute to PMA but to in-plane magnetic anisotropy. This is consistent with the fact that a relatively large matrix element of <xy|Lz|x 2y 2 > contributing to in-plane magnetic anisotropy presents in the Mn(II)Z site. Therefore, we found that the spin-flip contributions to Ku shown in Figs. 6(a-2) agree with the processes expected from the DOSs. Figure 7(b) shows the DOS of the Mn32N1 supercell. Compared with the case of Mn32N8, the clear peaks near the Fermi level were strongly smeared out [ Fig. 7(b) ], which is associated with the degradation of the spin-flip contribution due to the nitrogen deficiencies.
IV. CONCLUSION
We have studied the role of nitrogen in the PMA of These are the characteristics we have identified for antiperovskite nitrides such as -Mn4N. (meV/atom) 
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S1. Transmission electron microscopy (TEM) observation for Mn4N films
In order to identify the coexistence of nano-crystals with different phases in the The NBD of the Mn4N layer suggested high chemical ordering of nitrogen [ Fig. S1(a4) ], because clear spots corresponding to a (001) superlattice appeared. We obtained similar NBD from several different points in the Mn4N layer, so that -Mn4N crystals grew homogeneously for Q = 10%. In the case of Q = 6%, bright and dark parts were observed in the STEM image [ Fig. S1(b1) ]. The contrast observed in the STEM image corresponds to nitrogen content. Figure S1 (b2) shows EDS mapping, and we found that the bright part involved lower nitrogen content. To obtain the crystal structure, we observed the NBD as shown in Fig. S1(b3) and S1(b4). As a result, the bright part in the Lattice constants (a, c, and c/a) in-plane and out-of-plane directions of the unit cell, as shown in Fig. 1 of the main text.
S2.
In general, light elements such as nitrogen atoms act as interstitial impurities in nitrides. Therefore, both a and c monotonically increased with Q as expected, which was similar to the results in previous report. 1 The resultant c/a values decreased with increasing Q, which demonstrates that the Mn4N unit cell undergoes tetragonal distortion [ Fig. S2(b) ].
We found that the value c/a ≈ 0.99 was associated with the highest Ku and Ms, as mentioned in the main text. Figure S2 The detailed method of estimation is reported elsewhere 1,2 . The peak value of S ≈ 0.79 appeared at Q ≈ 9%, which corresponds to the nitrogen content giving the highest Ku and Ms. Figure S3 plots the total formation energy (Etotal) of the Mn4N unit cell with different magnetic structures, namely, type-A and type-B. The schematic illustration of each magnetic structure is shown in the inset of Fig. 4 in the main text. Etotal of the type-B structure was clearly smaller than that of type-A for all c/a. The c/a that gave the smallest Etotal was 0.998 for type-A and 0.976 for type-B. The results were in good agreement with a previous report. 3 Therefore, the type-B structure can be expected in our fabricated Mn4N films with PMA. Table I presents the calculated magnetic moment 
S3. c/a dependence of total energy of Mn4N cell

